The transient buoyancy-driven convection in a water saturated porous cavity with internal heat generation is studied numerically. The Brinkman-Forchheimer-extended Darcy model is employed to investigate the average heat transfer rate and to study the effects of density maximum, the Grashof number, porosity, the Darcy number, and the internal heat generation parameter on buoyancy-induced flow and heat transfer. The finite volume method with the power law scheme for convection terms is used to discretize the governing equations for momentum and energy, which are solved by the Gauss-Seidel and successive-over-relaxation methods. A systematic investigation on transient, steady fluid flow, and heat transfer phenomena under different physical conditions is carried out. The results obtained in the steady state regime are presented in the form of streamlines, isotherms, and midheight velocity profiles for various values of Grashof number, porosity, and Darcy number. It is found that the effect of density maximum is to slow down the buoyancy-driven convection and reduce the average heat transfer. The strength of convection and the heat transfer rate become weak due to more flow restriction in the porous medium for small porosity and high internal heat generation parameter.
I. INTRODUCTION
The computational analysis of buoyancy-driven convection in porous enclosures with internal heat generation is a significant problem in the case of industrial thermal designs and devices. The devices include heat exchangers, planar reactors, and industrial furnaces. Geophysical phenomena, electrochemical processes, food processing, and groundwater flow find natural and technical applications of buoyancydriven convection. The practical interest in buoyancy-driven convection in a porous cavity grows rapidly due to its wide applications in engineering. In most of the analytical and numerical studies, presented on natural convection of water filled porous rectangular enclosures in the literature, a linear temperature-density relationship has been considered. We observe that the density of water varies nonlinearly with temperature. The density of water is maximum at 4°C. The present work is a report of an investigation of the effects of the density extremum of water, various parameters of a porous medium, and internal heat generation on the heat transfer in a porous cavity. Poulikakos 1 investigated the natural convection in a fluid-saturated porous layer differentially heated in the horizontal direction. The study showed that the bicellular flow field is the result of the existence of the density maximum which the fluid possesses near 4°C temperature. Acharya and Goldstein 2 made a numerical study on natural convection in a vertical or inclined square enclosure containing internal energy sources and subjected to external heating. In their report, two distinct flow patterns were observed. Also, it revealed that the average heat flux ratio along the hot surface undergoes large variations in the external Rayleigh number range associated with the transition from one flow pattern to another. The average heat flux ratio along the cold plate was found to increase with increasing external Rayleigh number and decreasing internal Rayleigh number. The local heat flux ratio along a surface attained its maximum value in the vicinity of the region where the heated ͑or cooled͒ fluid from the opposite wall or from the interior encountered the surface.
Das and Sahoo 3 studied the effect of Darcy number, fluid Rayleigh number, and heat generation parameter on natural convection in a porous square enclosure, using the Brinkman-extended Darcy model. It was reported that peak temperature occurs at the top central part and weaker velocity prevails near the vertical walls of the enclosure due to the heat generation parameter alone. Nield and Bejan 4 in their work gave a comprehensive literature survey on natural convection in porous media. Jue 5 studied the thermal convection flow in a fluidsaturated porous cavity with external sidewall heating and internal heat generation. It was reported that the permeability of the porous medium affects the final flow field. For porous medium with a smaller permeability, the main circulation was retarded. A larger porosity provides more flow area and results in the stronger flow circulation and heat transfer rate.
Hossain and Rees 6 investigated the effect of the density maximum of water on natural convection in a rectangular enclosure having isothermal walls with heat generation. It was observed that the flow and temperature fields depend very strongly on the internal heat generation parameter and the differences in temperatures at the sidewalls. Saeid and Pop 7 studied non-Darcy natural convection in a square cavity filled with a porous medium. Results were presented to show the effect of the inertial parameter on the average Nusselt Number and the fluid circulation in the porous cavity for different values of the Rayleigh number. They found that an increase in the inertial effects leads to slowdown of natural convection currents in the cavity. Basak et al. 8 used the Darcy-Forchheimer model to study natural convection in a square porous cavity subject to various thermal boundary conditions. The investigation was focused on the effect of continuous and discontinuous thermal boundary conditions on the flow and heat transfer characteristics arising due to natural convection within a porous square enclosure.
Pourshaghaghy et al. 9 by direct simulation of free convection in a cavity filled porous medium found the oscillatory nature for the local Nusselt number on the cavity surface. Jaya Krishna et al. 10 studied the natural convection in a heat generating hydrodynamically and thermally anisotropic porous medium numerically using a non-Darcy model and found the effect of Forchheimer constant to be insignificant. They also found large thermal conductivity ratio to cause higher flow intensity inside the enclosure. Pakdee and Rattanadecho 11 studied the unsteady natural convection heat transfer due to top surface partial convection. They found small values of Darcy number to hinder the flow circulation and suppress the heat transfer by convection.
The limitations of most of the existing studies in porous cavity are ͑i͒ using the Darcy flow model and ͑ii͒ using linear density-temperature relations. Very recently, Kandaswamy and Eswaramurthi 12 used the Brinkman-Forchheimerextended Darcy model to investigate steady fluid flow and heat transfer phenomena and the effect of water density maximum on heat transfer inside a water saturated porous cavity with varying sidewall temperatures. In the present work, transient buoyancy-driven convection of water in a porous cavity with internal heat generation is studied. Attention is focused on the effect of density maximum temperature, the Darcy number, porosity, and the internal heat generation on fluid flow and heat transfer.
II. MATHEMATICAL FORMULATION
Consider a two-dimensional square cavity of side L with water saturated porous medium with internal heat generation as shown in Fig. 1 . The vertical sidewalls of the cavity are maintained isothermally at different temperatures h and c , where h Ͼ c , c = 0°C. The gravity acts in the downward direction. The velocity components u and v are taken in the x-and y-directions, respectively. The fluid in the cavity is incompressible.
The porous medium is assumed to be isotropic, homogeneous, and in thermodynamic equilibrium with the fluid. In this paper, the thermal properties of the fluid are constant. The density variation in water follows the relation, as described by Kandaswamy and Kumar 13 and Sundaravadivelu and Kandaswamy,
where 0 is the density of water at c , ␤ 1 = 6.8143ϫ 10 −5 , ␤ 2 = 9.9901ϫ 10 −6 , ␤ 3 = 2.7217ϫ 10 −7 , and ␤ 4 = 6.7252 ϫ 10 −9 .
The governing equations for the system are as follows ͑for details, see Khanafer and Vafai 15 ͒:
where u is the velocity vector with u and v as components in the ͑x , y͒ Cartesian system, is the fluid temperature, K the permeability of the porous medium, the fluid density, p the fluid pressure, ␣ the effective thermal diffusivity, ⑀ the porosity, the kinematic viscosity of the fluid, t time, C F = 1.75/ ͱ 150ϫ ⑀ 3/2 , Q the rate of internal heat generation, C p the specific heat capacity, and = ͓⑀͑c p ͒ f + ͑1−⑀͒ ϫ͑c p ͒ s ͔ / ͑c p ͒ f the specific heat ratio. ͓Since the fluid and porous medium are in thermodynamic equilibrium, we have
The appropriate initial and boundary conditions are
The following nondimensional variables are introduced:
The governing equations in the nondimensional form reduce to the vorticity stream function formulation as follows:
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where
and J͑ , ⌿͒ stands for Jacobian of the variables and ⌿ with respect to X and Y.
The initial and boundary conditions in dimensionless form are
where is the vorticity, ⌿ the stream function, the nondimensional time, and S the internal heat generation parameter. The nondimensional parameters that appear in the equations are Da= K / L 2 , the Darcy number,
, the Grashof numbers, and Pr = / ␣ = 13.6, the Prandtl number. The function of ⑀, F c = 1.75͉V͉ / ͱ 150ϫ ⑀ 3/2 , is the porous medium inertia coefficient as described by Khanafer and Vafai. 15 The local Nusselt number which accounts for the heat transfer across the hot wall is defined by Nu= ‫ץ‬T / ‫ץ‬Y ͉ Y=0 and the average Nusselt Number is given by N u = ͐ 0 1 NudX.
III. THE METHOD OF SOLUTION
The finite volume method is used to discretize the nondimensional governing equations ͑6͒-͑9͒ as explained by Patankar. 16 The system of equations obtained for the energy and vorticity is solved by Gauss-Seidel method. The system of equations for stream function is solved by successiveover-relaxation. The different mesh sizes from 21ϫ 21 to 81ϫ 81 are considered to study the grid independence. After 41ϫ 41 grids, there is no considerable change in the average Nusselt number as in Fig. 2 . Considering the accuracy required and the computational time involved, a 41ϫ 41 grid is chosen for the present study. Thus, after calculating the temperature and vorticity values at an advance point in time = ͑n +1͒d and using their respective solution given at = ͑n͒d ͑n = 0 corresponds to the initial condition͒, the stream function is solved for its solution at this advanced time step. The time step d is taken to be 10 −5 . The boundary conditions for are obtained from the relation as described by Rudraiah et al.,
where i and h denote the spacial intervals in the vertical direction and in the direction normal to the boundary, respectively. The velocity components are obtained from the resulting stream function values. The sequence beginning with the solution of the energy equation is applied repeatedly until the desired accuracy of results is obtained. The convergence criterion used for the field variables ͑=T , , ⌿͒ is
IV. RESULTS AND DISCUSSION
Buoyancy-driven convective flow of water in a square cavity filled with water saturated porous medium with internal heat generation is studied numerically around the region of its density maximum. Table I number values obtained in the present work agree well with those of Jue, 5 Kandaswamy and Kumar, 13 and Sundaravadivelu and Kandaswamy, 14 as shown in Table II ͑for fluidsaturated porous cavity with internal heat generation͒ and Table III ͑for density maximum fluids͒. The comparison of the results is made for the validation of the code, computation procedure, and the grid fineness. In the present paper, the computations are carried out for different values of porosity, Darcy number, Grashof number, and internal heat generation parameter. The parameters considered are in the ranges of 10 −5 Յ DaՅ 10 −1 ͑Darcy number͒, 0.2Յ ⑀ Յ 0.7 ͑porosity͒, 0Յ S Յ 0.25 ͑internal heat source͒, and 22 582 Յ Gr 1 Յ 67 748 ͑Grashof number͒. The results are presented in the form of streamlines, isotherms, and midheight velocity profiles to show the fluid flow and heat transfer phenomena in steady and transient states. The rate of heat transfer in the cavity is measured in terms of the average Nusselt number.
A. Flow field in transient state regime
At time = 0, the fluid contained in the entire cavity is pure and at 0°C and does not generate heat internally. For Ͼ 0, the left wall temperature is changed to h and that of right wall maintained at c = 0°C with internal heat generation parameter S = 0.10. Since the temperature of the left wall is higher than that of the fluid inside the cavity, the wall transmits heat to the fluid by conduction and raises the temperature of fluid particles adjoining the left wall.
Figures 3͑a͒-3͑h͒ are presented to show the evolution of fluid motion and subsequent distribution of heat across the porous cavity as time evolves ͑100Յ Յ 509 300͒. The results for transient state regime are presented for Grashof number Gr 1 = 39 520 with porosity ⑀ = 0.4, Darcy number Da= 10 −3 , and the internal heat generation parameter S = 0.10 as a representative case. Figure 3͑a͒ shows the evolution of the fluid motion and the distribution of heat at = 100. It is observed that the fluid particles adjoining the left wall receive heat from the hot wall and raise temperature and density. When the density rises, the fluid starts falling along the left wall creating a counterclockwise rotating cell near the left wall. The corresponding isotherms are parallel to the hot wall, indicating that the heat is initially transferred from the hot wall to fluid only by conduction. Since the left wall is hot, it introduces a stronger thermal gradient between the left wall and fluid as time progresses ͑ = 1000͒. The counterclockwise rotating cell grows faster and starts occupying a major portion of the cavity. When = 1000, the fluid motion gains momentum and the convective mode of heat transfer sets in the porous cavity as shown in Fig. 3͑b͒ .
Further progress in time makes the counterclockwise rotating cell receive more heat and grow stronger in strength and, as such, starts expanding to occupy almost the entire cavity. An advance in time = 5000 extends this development and makes the cell grow in strength as in Fig. 3͑c͒ . The corresponding isotherms indicate that the convective mode of heat transfer improves further. Figure 3͑d͒ presented for time = 20 000 shows that a clockwise rotating cell, small in size, appears near the left wall and pushes the counterclockwise rotating cell toward the right wall of the cavity. With further progress in time ͑ = 40 000͒, the clockwise rotating cell grows as in Fig. 3͑e͒ .
In Fig. 3͑f͒ given for time = 200 000, the clockwise rotating cell receives heat from the adjoining wall and grows in volume and strength and continues suppressing the counterclockwise rotating cell. As the time progresses to 500 000, the clockwise rotating cell grows in strength and continues to push the counterclockwise rotating cell toward the right wall, resulting in the formation of a dual cell structure as shown in Fig. 3͑g͒ . This is due to the fact that the temperature of density maximum of water exists in the middle of the cavity, where the fluid falls and rises along both the vertical walls. When = 509 300, the steady state is reached and there appear two cells being separated by the density maximum curve as shown in Fig. 3͑h͒ . Figure 4 shows the time history of average Nusselt number calculated at Y =1/ 2 for various values of the Grashof number corresponding to the temperature around the density maximum temperature with ⑀ = 0.4, S = 0.10, and Da= 0.001. The Nusselt number, which is a measure of the heat transfer calculated at the midplane of the cavity presented in Fig. 4 , exhibits the time history for different values of Grashof number. Figure 5 shows the midheight velocity profiles for various time steps. Figure 6 shows the fluid motion and resulting temperature distribution for the Grashof number Gr 1 = 22 582 with porosity ⑀ = 0.4, Darcy number Da= 10 −3 , and internal heat generation parameter S = 0.10. When the hot wall temperature is maintained at the temperature of maximum density of water where Gr 1 = 22 582, the flow pattern consists of a single major cell rotating in the counterclockwise direction as in Fig. 6͑a͒ . When the hot wall temperature is increased to 
B. Flow field in steady state regime
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Transient buoyancy-driven convection of water Phys. Fluids 20, 087104 ͑2008͒ the temperature that corresponds to Gr 1 = 33 874, a secondary cell rotating in the clockwise direction appears near the hot wall, suppressing the primary cell toward the cold wall as shown in Fig. 6͑b͒ . This is because of the anomalous density expansion of water near 4°C. The corresponding isotherms near the hot wall get distorted slightly as in Fig. 6͑b͒ . The convection mode of heat transfer does not improve further. Figures 6͑c͒ and 6͑d͒ show, respectively, streamlines and isotherm for hot wall temperatures that correspond to Gr 1 = 39 520 and Gr 1 = 45 165. In this case, the secondary cell gets strengthened further. The dual cell structured flow pattern is observed as shown in Fig. 6͑c͒ and the heat transfer rate attains its minimum. This is because of the presence of the dual cell structure which prohibits convective mode of heat transfer across the cavity. In this case, the fluid rises along the hot wall as well as the cold wall and falls in the middle of the cavity where the density is maximum. The convective heat transfer rate is reduced to its minimum level for Gr 1 = 39 520 as seen in Fig. 6͑c͒ . The exchange of heat energy takes place between these two cells only by conduction. Figures 6͑d͒-6͑f͒ show that the secondary cell grows in size along the hot wall, suppressing the primary cell toward the cold wall for increasing hot wall temperature. The corresponding isotherms in Figs. 6͑d͒-6͑f͒ clearly indicate that the density maximum causes the reduction in heat transfer rate. For hot wall temperature with Gr 1 = 67 748, the clockwise rotating secondary cell spreads to cover major part of the cavity, pushing the counterclockwise rotating primary cell close to the right corner of the cold wall as seen in Fig.  6͑g͒ . The maximum density plane moves further close to the cold wall. This results in improving the convective heat transfer rate further. 
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transfer rate decreases with increase in the Grashof number to some extent and encounters a sharp fall before attaining a constant value of the steady state condition as time evolves. Figures 9 and 10 show the impact of porosity on the heat transfer rate for different values of Grashof number with the porosity ⑀ = 0.4, Gr 1 = 22, 582, and S = 0.10. Figure 9 shows how the porosity of the medium affects the heat transfer rate.
As the porosity increases, the heat transfer rate also increases accordingly. The increase in porosity leads to a higher heat transfer rate. This is because the fluid moves at a higher velocity. In each value of porosity, the heat transfer rate is reduced around the density maximum since the dual cell structure prohibits the transfer of heat from the hot wall to the cold wall. Figure 9 shows that the rate of change in the heat transfer around the density maximum region is rapid with increase in porosity. The average heat transfer rate increases with increase in porosity. Figure 10 shows that the fluid particles near the vertical walls move with higher velocity as porosity increases. The increase in heat transfer rate for increasing porosity is because an increase in porosity provides more freedom for the fluid particles to move and an enhanced convection, resulting in the increase in the heat transfer. It is evident from Figs. 9 and 10 that the higher velocity of the fluid particles leads to a higher average Nusselt number.
It is also seen from Fig. 9 ͑see also Figs. 11 and 15͒ that the heat transfer ͑the average Nusselt number at the hot wall͒ increases with increasing porosity or decreases with decreasing Darcy number. A closer look at Fig. 9 also reveals that the heat transfer is to its minimum at Gr 1 approximately equal to 40 000 which correspond to hot wall temperature of 8°C. When one looks at Fig. 9 together with Figs. 3͑h͒ and 6͑c͒ which also correspond to Gr 1 approximately 40 000, one would note that the two cells for this case almost vertically divide the cavity, reducing the convective heat transfer to the maximum possible and heat transfer is almost purely by conduction because there is no exchange of fluid particles between the cells. Since conduction is a slow process of heat transfer, the heat transfer is a minimum for this value of Gr 1 . Irrespective of this behavior; Fig. 9 shows that the heat transfer rate increases with increasing porosity. The increase in heat transfer rate for increasing porosity is because an increase in porosity provides more freedom for the fluid particles to move and an enhanced convection, resulting in the increase in the heat transfer. 
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Transient buoyancy-driven convection of water Phys. Fluids 20, 087104 ͑2008͒ = 0.10. It is clearly observed from Figs. 11 and 12 that the convective heat transfer rate goes down as the Darcy number decreases. The Darcy number, which depends on the permeability of the porous medium, leaves strong effects on convection in the porous cavity. Figure 12 shows that the heat transfer takes place by conduction in the case of small Darcy number Da= 10 −5 and the increase in Darcy number enhances the heat transfer rate. This is because of the vigorous fluid motion inside the cavity. Further, the fall in the heat transfer rate is due to the effect of density maximum near 4°C. The same effect of density maximum on heat transfer for various values of porosity is observed in the case of different values of Grashof number. A clear observation is made that vigorous buoyancy force results inside the cavity, which in turn drives the fluid motion at a higher velocity for higher values of Grashof number and porosity. A smaller value of Darcy number reduces the heat transfer rate, however. This decrease in heat transfer for decreasing Darcy number is because small Darcy number hinders the flow circulation and suppresses the heat transfer by convection. A similar result was also obtained by Pakdee and Rattanadecho.
11
Figures 13 and 14 depict the impact of the internal heat generation parameter S on the fluid flow and the temperature distribution, respectively, in the porous cavity with vertical walls isothermally maintained at two different temperatures. They are presented for different values of S, the heat generation parameter, with Gr 1 = 39 520, ⑀ = 0.4, and Da= 10 −3 as a representative case. It is observed that the presence of internal heat generation changes the location of the maximum density line, along which fluid particles fall inside the cavity as seen in Figs. 13͑a͒-13͑f͒ and the fluid changes its course of flow leading to decrease in the heat transfer rate. The internal heat generation increases the temperature of the fluid inside the cavity leading to a decrease in the temperature difference between the hot wall and the adjoining fluid, resulting in a fall in the heat transfer from the hot wall to the fluid inside the cavity. Figure 13͑a͒ shows the flow pattern for S = 0. The density maximum temperature exits near the hot wall, and consequently there appears a small clockwise rotating cell, pushing the primary cell rotating in counterclockwise direction toward cold wall. The corresponding isotherms in Fig. 14͑a͒ indicate that an appreciable temperature distribution by 
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Kandaswamy, Eswaramurthi, and Ng Phys. Fluids 20, 087104 ͑2008͒ means of convection near the hot wall takes place. Further increase in the internal heat generation parameter leads to a rapid decrease in the heat transfer rate. When S = 0.15, the density maximum temperature exists in the midplane of the cavity, where the fluid falls and, as such, the heat transfer rate is reduced to its minimum level due to the presence of dual cells as in Fig. 13͑d͒ . Figure 13͑f͒ given for S = 0.25 shows that the increase in the internal heat generation parameter pushes the density maximum temperature further close to the cold wall. In this case, the secondary cell grows in strength and size and occupies almost the entire cavity, resulting in a higher rate of heat transfer across the cavity after a sharp fall. The corresponding isotherms in Fig. 14͑f͒ show that the highest temperature gradient exists at the top central part of the cavity due to the heat generation parameter. The presence of internal heat generation enhances the flow near the cold wall and causes a dense distribution of streamlines along the left cold wall. Figures 15 and 16 illustrate that the increase in the internal heat generation parameter S decreases the average heat transfer rate between the hot wall and the fluid. It is also observed that the dual cell structure caused by the presence of increased internal source strength leads to a rapid fall in the average Nusselt number computed at the hot wall. Figure  17 exhibits the midheight velocity profiles for the different values of the internal heat source S with Gr 1 = 39 520, ⑀ = 0.4, and Da= 10 −3 . It is observed that the fluid particles near the cold wall move faster than those particles near the hot wall. The fall in the velocity of the fluid particles near the hot wall is due to the presence of internal heat generation.
V. CONCLUSION
The effects of water density maximum on fluid flow and heat transfer in a porous cavity with internal heat generation have been studied for various values of porosity, Grashof number, Darcy number, and internal heat generation parameter. It is observed that the temperature of maximum density leaves strong effects on the heat transfer due to the formation of bicellular fluid flow. The nonlinear behavior of heat transfer rate results due to the presence of maximum density effect and internal heat generation. The results show that a higher heat transfer rate can be achieved in a water saturated porous medium in the presence of high porosity and Darcy numbers, but low values for internal heat generation parameter. 
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